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In the course of monitoring the low frequency impedance of the SPS over the years usually the quadrupole
frequency shift as a function of intensity is measured with single bunches at 26 GeV/c with RF on using the
peak detected signal. The additional acquisition of longitudinal bunch profiles allows the evaluation of various
parameters of the injected beam, details of its quadrupole oscillation and the evolution of the bunch length as
a function of time. Data acquired between 1999 and 2007 will be analysed in this respect. It will be shown
that the bunch length data at 600 ms indicates clearly the effect of the SPS impedance reduction programme
realised in 2000/2001 and that from then on the absolute value of the quadrupole frequency shift shows a
tendency to increase over the years, indicating an impedance increase. However, it does not allow to monitor
unambiguously the changes from one year to the next. The reason that the quadrupole frequency shift is not
very well determined is attributed to the lack of reproducibility of bunch length and emittance at injection. In
the future more attention will have to be paid to make these parameters reproducible.
1 Introduction
This Note summarises data acquired from 1999 to 2007 in the context of monitoring the longitudinal
low-frequency impedance of the SPS using single short bunches at 26 GeV/c and by measuring the
quadrupole frequency shift as a function of intensity [1]-[9]. The measurement series started in
1999 [1] in view of the SPS impedance reduction campaign [4] and were then repeated as often as
an impedance change was expected.
The results of the measurements for 2007 [8] triggered a re-evaluation of the bunch profile data
acquired from 1999 to 2007 with identical analysis methods which allow a consistent comparison of
the beam parameters at injection and other data obtained from bunch profiles.
There are several ways to measure the quadrupole frequency, f2s, at injection (see App. A).
Initially longitudinal bunch profiles were only acquired to monitor the bunch length of the injected
beam, as it is a parameter which should be kept constant to make meaningful quadrupole frequency
shift measurements [6]. Later they were also used to determine f2s and additional beam parameters.
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The data will be treated in the same sequence as they were acquired and then summary plots will
be shown which should facilitate their comparison.
2 Measurements
Typically the parameters of the injected bunch were as follows: BCT intensity, Np in the range of
1 × 1010 ≤ Np ≤ 10 × 1010, longitudinal emittance (“Mtchd Area”, see [10]) measured in the PS
with the tomoscope before bunch rotation between 0.1 eVs and 0.25 eVs, and the FWHM bunch
length, τi, obtained in the SPS from the raw pick-up data1 in the range of 0.9 ns ≤ τi ≤ 2.9 ns. For
consistent measurements both the bunch length and the longitudinal emittance of the injected beam
should not vary as a function of intensity.
An overview over all machine development sessions (MDs) at 26 GeV/c with single short bunches
and RF on is provided in Sect. B, Table 1.
2.1 Data obtained with one acquisition
Each acquisition consists of longitudinal bunch profiles acquired at injection and 600 ms after injec-
tion. The latter measurement time was chosen in 1999 to observe a longitudinal emittance blow-up
due to the microwave instability. This acquisition time was kept constant for all subsequent years.
For each acquisition the intensity of the injected bunch is recorded. Throughout an MD the intensity
of the injected beam, Np, is varied.
For each acquisition the data will be analysed in view of obtaining information about (i) the
bunch length at injection, (ii) the quadrupole oscillation amplitude, (iii) the quadrupole oscillation
frequency, and (iv) the bunch length at 600 ms.
All bunch profiles were acquired with the wall current monitor AEW317.31 [11] and a digital
oscilloscope with a -3 dB bandwidth of 1 GHz until 2003 and of 2.5 GHz in the following years.
The bunch length at injection, τi, is obtained from an acquisition of the first turn. For the purpose
of this Note the FWHM bunch length of the raw pick-up data is fully adequate.
The relative quadrupole oscillation amplitude at injection is determined as rτ = (τmax−τmin)/(τmax+
τmin) × 2, where τmax and τmin are the maximum and minimum FWHM bunch length of the raw
bunch profiles acquired in the time interval [0, tobs], with the observation time 5 ms≤ tobs ≤ 115 ms
according to the MD.
The quadrupole oscillation frequency at injection is obtained from the bunch peak amplitude as
a function of time during the same time interval as the quadrupole oscillation amplitude at injection.
The bunch peak amplitude, apk, is obtained either from the maximum amplitude of the raw bunch
profile data or from the amplitude of a Gaussian fit of the fully corrected bunch profile data. In the
following no distinction will be made between the two as it is irrelevant for the purpose of this Note.
The bunch length at 600 ms after injection is given by τf = (τmax+ τmin)/2, where τmax and τmin
are the maximum and minimum FWHM bunch length of the raw bunch profiles acquired in the time
interval [600 ms, 600 ms + tobs], where the observation time, tobs, is between 5 ms and 115 ms and
which might vary from MD to MD.
2.2 Beam parameter variation as function of intensity
The next step of analysis concerns the variation of the previously mentioned parameters as a function
of intensity of the injected beam.
1The FWHM bunch length of the raw pick-up data of the AEW pick-up can be converted to an approximate 4σ bunch
length (corrected for pick-up and cable transfer function) by multiplying it with a factor of 1.4.
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For all MDs the following analyses were made:
(1) apk data of the first turn were plotted against Np. Under normal conditions the data are lying
on a straight line. Data lying far off could always be identified as wrong measurements (attributed
intensity was wrong, problem in injector, or other reasons). In this sense, all data presented here was
lying on a straight line.
(2) τi versus Np, to check the bunch length variation of the injected beam.
(3) τmax, τmin and rτ versus Np. The variation of the quadrupole oscillation amplitude as a func-
tion of Np indicates a variation of the longitudinal emittance of the injected beam for low intensities
and shows the potential well distortion for higher intensities, provided the longitudinal emittance of
the injected beam does not vary too much.
(4) quadrupole oscillation frequency as a function of intensity, Np. It is described with a linear
equation as f2s = f2s,0 +mNp.
In the following the quality of the acquired data is assessed for each MD and the relevant data
are selected for further analysis which will take place in Sect. 3.
2.3 1999
In 1999 there were two MDs, one on 1999-11-15 (Measurement No. 1) and one on 1999-11-25
(Measurement No. 2). Bunch profile data were acquired to monitor τi and to determine τf . At this
time it was not intended to measure the quadrupole frequency shift using the bunch profile data.
Therefore the observation time at injection was fairly short, tobs = 5.4 ms.
For Measurement No. 1 τi as function of Np, is practically constant, Fig. 1. However, Fig. 1
shows a large scatter of τi. From the data of Fig. 2 (left), τmin and τmax at injection versus Np, the
relative quadrupole oscillation amplitude was determined as a function of Np, see Fig. 2 (right). This
Figure shows the effect of the potential well distortion.
For Measurement No. 2 the variation of τi as function of Np, Fig. 3, shows that there is a weak
dependency of τi on Np. It is visible because of the very small scatter of the τi.
From τmin and τmax at injection, see Fig. 4 (left), rτ was determined, see Fig. 4 (right). This
Figure shows that the longitudinal emittance of the injected beam is approximately the same as for
Measurement No. 1.
Within the context of all MDs, Fig. 26 shows the mean value of τi, 〈τi〉, its standard deviation
and the range2 of the τi for the Measurements No. 1 and No. 2. The distribution of the τi, Fig. 27,
shows that for Measurement No. 2 the bunch length scatter is very small.
2.4 2001
The data of the year 2001 (acquired 2001-08-07) are the first one after the execution of the impedance
reduction programme.
The data can be split in two parts (Measurement No. 3 and Measurement No. 4) according to the
bunch length at injection, τi. Fig. 5 shows τi as a function of Np. There is only a slight dependency
of τi as a function of Np. For Measurement No. 3, 〈τi〉 = 2.0 ns and for Measurement No. 4,
〈τi〉 = 1.6 ns. From τmin and τmax at injection, see Fig. 6, rτ was determined, see Fig. 7. This Figure
shows that the longitudinal emittance for Measurements No. 3 to No. 4 was not the same. As rτ is
constant as a function of Np, the effect of the potential well distortion is very small in comparison to
1999 (see Fig. 2 and Fig. 7).
Fig. 26 shows 〈τi〉, its standard deviation and the range of the τi for the Measurements No. 3 and
No. 4 in comparison with previous measurements.
2in statistics the difference between the lowest and highest value of a distribution
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The distributions of the τi for Measurements No. 3 and No. 4 are shown in Fig. 27. Fig. 28
displays rτ versus Np with respect to the other MDs.
The quadrupole oscillation frequency at injection versus Np is shown in Fig. 8. As expected
from the difference in 〈τi〉 , the slope, m, is different for the two measurements, namely (−1.6 ±
0.1) Hz/1010 and (−1.3± 0.1) Hz/1010, respectively.
2.5 2003
For Measurement No. 5 (2003-09-04) a strong variation of τi as a function of Np is observed, Fig. 9.
From τmin and τmax at injection, see Fig. 10 (left), rτ was determined, see Fig. 10 (right). These
Figures show that there is not only a large variation of τi versus Np but also of τmin, τmax and rτ .
Fig. 26 shows 〈τi〉, its standard deviation and the range of the τi for Measurement No. 5 in
comparison with previous measurements. The distribution of the τi is the widest of all measurements,
see Fig. 27. Fig. 28 displays rτ versus Np with respect to the other MDs.
The consequences of the bunch length variation show up when determining m. In Fig. 11 (top,
left) you notice a strong variation of f2s versus intensity. Therefore m was determined for several
bunch intensity selections as shown in Table 1.
Meas. Intensity Selection τi[ns] m/(Hz/1010)
(i) all values 0.9 - 2.4 −2.9± 0.1
(ii) Np ≤ 2× 1010 0.9 - 2.0 −7.1± 0.9
(iii) 2× 1010 < Np 1.8 - 2.4 −2.2± 0.1
(iv) 2× 1010 ≤ Np ≤ 10× 1010 1.8 - 2.4 −2.5± 0.1
Table 1: Quadrupole frequency shift parameters for four bunch intensity selections. As τi increases
monotonically with Np this corresponds to a selection in bunch length, τi.
For comparison with previously obtained data, it made sense to calculate m from data in the
intensity range 2× 1010 ≤ Np ≤ 10× 1010 leading to m = (−2.5± 0.1) Hz/1010. This corresponds
to a significant increase of the absolute value of m with respect to 2001.
2.6 2006
There are three measurements available for 2006, Measurements No. 6 and No. 7, dated 2006-10-27,
and No. 8, dated 2006-11-17.
2.6.1 2006-10-27
The acquisitions of 2006-10-27 have to be split in two parts according to τi, Measurements No. 6
and No. 7. Fig. 12 shows τi as a function of Np for the two data sets. During the MD it was
quickly realised that τi was too large for comparison with previous measurements, Fig. 12 (left).
The parameters of the injected beam were modified to obtain shorter bunches, Fig. 12 (right). In
both cases the bunch length varies considerably as a function of Np. From τmin and τmax at injection,
see Fig. 13 (left), rτ was determined, see Fig. 13 (right). These Figures show that there is practically
no variation of rτ for Measurement No. 6 and a nearly factor 4 variation of rτ for Measurement
No. 7.
For comparison with previous measurements, Fig. 26 shows 〈τi〉, its standard deviation and the
range of τi for Measurements No. 6 and No. 7. For Measurement No. 6 the distribution of τi is fairly
narrow as there are only a few acquisitions, see Fig. 27. For Measurement No. 7 it is very wide. This
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has some consequences for the determination of the quadrupole frequency shift. Fig. 28 displays rτ
versus Np with respect to the other MDs and confirms that the rτ variation is the largest.
The variation of τi complicated determining the quadrupole frequency shift. There were several
approaches to obtain m: (i) using all data, (ii) selecting data for 1.6 ns ≤ τi ≤ 2.2 ns, (iii) using only
data of the first data set (2.4 ns ≤ τi), and finally (iv) using only the second data set (τi < 2.4 ns).
The results are shown in Fig. 15 and summarised in the Table 2.
Meas. τi[ns] m/(Hz/1010)
(i) 1.3 - 2.7 −3.0± 0.2
(ii) 1.6 - 2.2 −2.7± 0.6
(iii) 2.4 - 2.7 −3.0± 0.5
(iv) 1.3 - 2.4 −3.6± 0.4
Table 2: Quadrupole frequency shift parameters for the four bunch length selections.
For comparison with the other MDs the slope m obtained with the bunch length selection (iv)
seems the most reasonable.
2.6.2 2006-11-17
For Measurement No. 8, dated 2006-11-17, the bunch length at injection is shown in Fig. 16. It is
fairly independent of Np. From τmin and τmax at injection, see Fig. 17 (left), rτ was determined,
see Fig. 17 (right). These Figures show that there is practically no variation of rτ for Measurement
No. 8.
Fig. 26 shows 〈τi〉, its standard deviation and the range of the τi for Measurement No. 8 in com-
parison with previous measurements. For Measurement No. 8 the distribution of the τi is reasonable,
see Fig. 27. Fig. 28 displays rτ versus Np with respect to the other MDs.
In the case of Measurement No. 8 it was difficult to obtain the quadrupole oscillation frequency
because in a certain number of cases the oscillation was strongly damped. Without going into all
details the values for m were found to be between (−2.5± 0.5) Hz/1010 and (−2.9± 0.5) Hz/1010.
Using the data where the quadrupole oscillation was well defined and not too quickly damped, m =
(−2.7± 0.4) Hz/1010 was found, see Fig. 18. One observes a large scatter of the measurements.
2.7 2007
There are five measurements available for 2007, Measurement No. 9, dated 2007-07-20, and No. 10
to No. 13, dated 2007-11-01.
2.7.1 2007-07-20
For Measurement No. 9, the bunch length at injection is shown in Fig. 19. Given the large spread, it is
fairly independent of intensity. From τmin and τmax at injection, see Fig. 20 (left), rτ was determined
for Measurement No. 9, see Fig. 20 (right). These Figures show that there is a slight negative trend
for rτ corresponding to a 30% decrease as function of Np.
The quadrupole frequency shift is shown in Fig. 21. Unfortunately the intensity of the injected
beam was limited to Np ≤ 7 × 1010 which does not allow m to be determined with the desired
precision. A fit of the available data leads to m = (−4.2± 0.1) Hz/1010.
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2.7.2 2007-11-01
The beams for the Measurements No. 10 to No. 13 were produced in the PS under four different
conditions (Table 3). The single bunch was either produced with shaving on or off (controlling the
longitudinal emittance by changing the RF voltage during the acceleration ramp after transition) and
with one or two 80 MHz cavities in operation for bunch rotation (changing the length of the bunch
at extraction).
The combined plot of bunch length at injection, Fig. 22, is fairly flat as a function of Np. How-
ever, there is a slight negative trend for Measurements No. 10 and No. 11 (shaving off).
From the four cases of τmin and τmax at injection versus Np, see Fig. 23, rτ was determined, see
Fig. 24. The slope of this curve is practically flat for Meas. No. 10 and No. 12 (2 × 80 MHz) and
has a negative slope for No. 11 and No. 13 (1× 80 MHz).
The quadrupole frequency shift for the four measurements is shown in Fig. 25 and summarised
in Table 3.
Meas. Conditions 〈τi〉[ns] m/(Hz/1010)
10 2× 80 MHz, shaving off 1.9 −2.2± 0.3
11 1× 80 MHz, shaving off 2.6 −3.1± 0.1
12 2× 80 MHz, shaving on 1.4 −3.4± 0.2
13 1× 80 MHz, shaving on 2.0 −4.1± 0.1
Table 3: Measurement conditions, 〈τi〉, τi, and m for the four measurements of 2007-11-01.
With respect to previous measurements, Measurement No. 11 should clearly not be considered
further because of the large τi.
3 Comparison of the machine development results
The results of the MDs, namely bunch length at 600 ms (τf ) and quadrupole frequency shift (m),
are functions of the longitudinal emittance and bunch length of the injected beam and of the low-
frequency machine impedance. To determine the evolution of the impedance over the years it is
therefore desirable that neither the longitudinal emittance nor the bunch length of the injected beam
vary as a function of Np nor as a function of time (the years 1999 to 2007). In the following the
acquired data will be reviewed with these points in mind.
3.1 Bunch length at injection and longitudinal emittance
Fig. 26 (top) shows the mean bunch length at injection, 〈τi〉, and its standard deviation, whereas
Fig. 26 (bottom) shows the range of the τi. For Measurements No. 6 and No. 11 one observes that
〈τi〉 lies outside the main population and for the No. 5, No. 7 and No. 13 it is the bunch length
range, which is very large. The corresponding bunch length distributions are shown in Fig. 27. This
Figure shows that the large spread of Measurement No. 13 is due to a single measurement and can
be ignored.
The variation of the relative quadrupole oscillation amplitude for small Np, Fig. 28, as already
said, is an indication of the variation of the longitudinal emittance of the injected bunch. It should
be taken into account when comparing the results of various MDs.
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3.2 Bunch length at 600 ms
The bunch length at 600 ms, τf , as a function of intensity for all measurements is shown in Fig. 29
together with τi. Measurement No. 2 is the most clean one (Meas. No. 1 and No. 2 were made before
the impedance reduction campaign). The ratio of τf/τi versus intensity is shown in Fig. 30.
Taking all measurements and restricting τi to the same range of values as for Measurement No. 2
leads to Fig. 31. It summarises what can be said for the bunch length at 600 ms versus bunch intensity
data. The difference between the bunch lengthening before the pumping port shielding effort (Meas.
No. 1 and No. 2) and after this event (Meas. No. 3 to No. 13) is clearly visible. However the later
change of the longitudinal SPS impedance is not visible in the bunch length data.
3.3 Quadrupole frequency shift
The quadrupole frequency shift data of all measurements are summarised in Table 4.
No. Date 〈τi〉 [ns] rτ,0 m/(Hz/1010) f2s,0 [Hz] Remarks
1 1999-11-15 1.9 0.30± 0.10 tobs too short
2 1999-11-25 1.6 0.35± 0.05 tobs very short
3 2001-08-07 1 2.0 0.55± 0.10 −1.6± 0.1 308± 0.5
4 2001-08-07 2 1.6 0.25± 0.10 −1.3± 0.1 308± 0.5
5 2003-09-04 1.9 0.55± 0.10 −2.5± 0.1 324± 0.6
6 2006-10-27 1 2.6 0.55± 0.05 −3.0± 0.2 310± 1.6 〈τi〉 outside range
7 2006-10-27 2 1.8 0.60± 0.30 −2.7± 0.6 307± 4.9
2006-10-27 3 2.6 −3.0± 0.6 311± 4.3 〈τi〉 outside range
2006-10-27 4 1.8 −3.6± 0.6 313± 2.6
8 2006-11-17 2.1 0.25± 0.10 −2.5± 0.5 309± 2.5
9 2007-07-20 2.1 0.65± 0.10 −4.5± 0.1 310± 0.5
10 2007-11-01 1 1.9 0.20± 0.05 −2.2± 0.3 298± 2.5 2× 80 MHz, shaving off
11 2007-11-01 2 2.6 0.80± 0.05 −3.1± 0.1 302± 0.7 1× 80 MHz, shaving off,
〈τi〉 outside range
12 2007-11-01 3 1.4 0.30± 0.05 −3.4± 0.2 314± 1.1 2× 80 MHz, shaving on
13 2007-11-01 4 2.0 0.80± 0.10 −4.1± 0.1 314± 0.8 1× 80 MHz, shaving on
Table 4: Quadrupole frequency shift data m and f2s,0. rτ,0 the relative amplitude of the quadrupole
oscillation, rτ,0, for low Np. The errors for m and f2s,0 are shown as they were calculated by the fit
routine (using Mathematica). The actual errors are certainly larger.
The data marked with “〈τi〉 outside range” are not further considered. The Table shows the
considerable variation of 〈τi〉. As we have seen here and in [6] the quadrupole frequency shift
depends on τi. Therefore it makes sense to group the data according to 〈τi〉.
The combined distribution of τi for the years 1999 to 2007 is shown in Fig. 32. This Figure
suggests that a selection of 1.7 ns≤ τi ≤2.3 ns and a re-evaluation of m with this selection should
allow a comparison of the quadrupole frequency shift for 1999 to 2007.
With this selection all data from Measurement No. 3, 90% of the data from Measurement No. 5,
35% of the data from Measurement No. 7, 98% of the data from Measurement No. 8, 98% of the data
from Measurement No. 9, 100% of the data from Measurement No. 10 and 97% of the data from
Measurement No. 13 could be retained and re-evaluated where necessary, see Fig. 33. The results of
these re-evaluations are summarised in Table 5.
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Meas. Date 〈τi〉 [ns] rτ,0 m/(Hz/1010) Remarks
3 2001-08-07 1 2.0 0.55± 0.10 −1.6± 0.1
5 2003-09-04 1.9 0.55± 0.10 −2.5± 0.1
7 2006-10-27 2 1.8 0.60± 0.30 −2.7± 0.6
8 2006-11-17 2.1 0.25± 0.10 −2.5± 0.5
9 2007-07-20 2.1 0.65± 0.10 −4.5± 0.1
10 2007-11-01 1 1.9 0.20± 0.05 −2.2± 0.3 2× 80 MHz, shaving off
13 2007-11-01 4 2.0 0.80± 0.10 −4.1± 0.1 1× 80 MHz, shaving on
Table 5: Quadrupole frequency shift data m for 1.7 ns≤ τi ≤2.3 ns.
Introducing rτ,0 as the value of rτ for low intensities, it is possible to compare the longitudinal
emittance of the injected beam for low intensities. If the bunch length stays approximately con-
stant with increasing Np, rτ,0 would also give an indication of the longitudinal emittance for higher
intensities.
Fig. 27 shows that Measurements No. 10 and No. 13 have a very similar distribution of τi but
their m is significantly different, m = −2.2 and -4.1, respectively. This seems to be a consequence
of the different longitudinal emittance of the injected beam: rτ,0 = 0.2 and 0.8, respectively.
Using rτ,0 as an indicator of the emittance of the injected beam, it is possible to make a fur-
ther selection based on this parameter. As Table 5 shows, Measurements No. 8 and No. 10 have
a particularly low rτ,0 and can therefore be eliminated to obtain a consistent data set for m with
0.55 ≤ rτ,0 ≤ 0.80.
The slope, m, of the quadrupole frequency shift for all valid measurements is shown in Fig. 34.
One observes a negative going trend of m as a function of time.
4 Conclusions
The variation of bunch length and longitudinal emittance at injection was analysed for the MDs
used to determine the evolution of the longitudinal low-frequency impedance since 1999. The bunch
length data at 600 ms indicates clearly the effect of the impedance reduction programme. Since the
SPS impedance reduction in 2000, the quadrupole frequency shift parameter m has a tendency to
decrease over the years, i.e. the impedance is increasing, but it does not allow the changes from one
year to the next to be monitored precisely.
The reason that the quadrupole frequency shift is not very well determined is attributed to the
lack of reproducibility of bunch length and longitudinal emittance at injection. In the future more
attention will have to be paid to make these parameters reproducible.
A next step in the interpretation of the presented MD data could be a comparison of the observed
variation of the slope m with the one calculated from the expected impedance change and a compar-
ison of the data presented here with the quadrupole frequency shift data obtained by other methods
(as mentioned in App. A, see also [8], [9]).
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A Measurements
During the MDs to monitor the SPS longitudinal impedance typically the following data are acquired.
The longitudinal emittance of the injected beam is determined in the PS with the tomoscope using the
“Mtchd Area”-emittance value [10]. The bunch length at injection is either obtained at extraction
from the PS with the BSM [13] or from a wall current monitor in the SPS. The intensity of the
injected beam is measured with the BCT shortly after injection and small losses at injection are
therefore discarded.
The quadrupole oscillation frequency at injection is determined from the peak detected signal
using the cursor function of a digital oscilloscope. The peak detected signal is low-pass filtered to
reduce the revolution frequency component. The quadrupole oscillation frequency is also acquired
with a low frequency spectrum analyser triggered a few 100 ms after injection (to get rid of transient
input overload). When the bunch is unstable the spectrum is dominated by the coherent quadrupole
frequency otherwise by the incoherent frequency distribution.
The use of the bunch profile data obtained from a wall current monitor is discussed in the main
text. Typical bunch length and peak amplitude signals are shown in Fig. 35. Typical quadrupole
oscillation data are shown in Fig. 36. In the strongly damped case the oscillation frequency changes
as the amplitude of the oscillation is reducing.
B Machine developments with single short bunches and RF on
Table 1 gives an overview of all MDs with single short bunches and RF on at 26 GeV/c. Not all of the
listed MDs were intended to determine the low frequency/inductive part of the machine impedance.
The RF voltage for all MDs was checked by comparing f2s,0. For the MDs during the lead
ion runs, where additional phase shifters are installed in the cavity return path, the error between
requested and actual RF voltage is increased due to counterphasing errors and then an RF voltage
check is especially recommended.
τ ²
Date [ns] [eVs] Remarks
1996-11-20 not discussed
1999-11-15 only a few frames at injection and at 600 ms; not
enough data for τf ; see [3], [5], [8]
1999-11-25 tobs too short for determination of f2s and m from
bunch profile data; [1], [2], [3], [4], [5], [8]
2001-08-07 2.5 - 3.5 0.15 - 0.16 [3], [4], [5], [8]
2002-09-23 3.0 0.13 no measurement of f2s
2003-09-04 0.13 - 0.19 [8]
2006-10-27 [7]
2006-11-17 [8]
2007-07-20 3.0-3.2 0.12 - 0.21 [8]
2007-11-01 0.10 - 0.23 [9]
Table 1: MDs with single short bunches on a 26 GeV/c flat bottom and RF on (900 kV). The beam
parameters at extraction from the PS are the 4σ bunch length, τ , and the longitudinal emittance, ²,





















































































analysis_2007-11-01_3.nb v00.10; 2008-02-08 11:57:34; $f44917
1999-11-15int.dat
1999-11-15mr1bunl1stTurn.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250; 251; 252; 253; 254;
255; 256; 257; 258; 259; 260; 261; 262; 263;
264; 265;
mean: 1.87; std: 0.135; min: 1.66; max: 2.22;















































































































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 11:51:11; $f44909
1999-11-15int.dat
1999-11-15mr1analysis_2007-12-10_5.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250; 251; 252; 253; 254;








































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 11:52:21; $f44910
1999-11-15int.dat
1999-11-15mr1analysis_2007-12-10_5.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250; 251; 252; 253; 254;
255; 256; 257; 258; 259; 260; 261; 262; 263;
264; 265;
Figure 2: τmin, τmax for [0, tobs] versus Np (left) and rτ versus Np (right). Measurement No. 1,






































































































analysis_2007-11-01_3.nb v00.10; 2008-02-08 11:58:26; $f44919
1999-11-25int_2.dat
1999-11-25mrbunlpeakl1bunl1stTurn.dat
501; 502; 503; 504; 506; 507; 508; 509; 510;
511; 512; 513; 514; 515; 516; 517; 518; 519;
520; 521; 522; 523; 524; 525; 526; 527; 528;
529; 530; 531; 532; 533; 534; 535; 536; 537;
538; 539; 540; 541; 542; 545; 546; 547; 548;
549; 550; 551; 552; 553; 554; 555; 556; 557;
558; 559; 560; 561; 562; 563; 564; 565; 566;
567; 568; 569; 570; 571; 572; 573; 574; 575;
576; 578; 579; 580; 581; 582; 583; 584; 585;
587; 588; 589; 590; 591; 592; 593; 594; 595;
596; 597; 598; 599; 600; 601;
mean: 1.63; std: 0.0455; min: 1.52; max: 1.72;














































































































































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 11:53:14; $f44912
1999-11-25int_2.dat
1999-11-25mrbunlpeakl1datanalysis_2007-12-10_5.dat
501; 502; 503; 504; 506; 507; 508; 509; 510;
511; 512; 513; 514; 515; 516; 517; 518; 519;
520; 521; 522; 523; 524; 525; 526; 527; 528;
529; 530; 531; 532; 533; 534; 535; 536; 537;
538; 539; 540; 541; 542; 545; 546; 547; 548;
549; 550; 551; 552; 553; 554; 555; 556; 557;
558; 559; 560; 561; 562; 563; 564; 565; 566;
567; 568; 569; 570; 571; 572; 573; 574; 575;
576; 578; 579; 580; 581; 582; 583; 584; 585;
587; 588; 589; 590; 591; 592; 593; 594; 595;









































































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 11:53:25; $f44913
1999-11-25int_2.dat
1999-11-25mrbunlpeakl1datanalysis_2007-12-10_5.dat
501; 502; 503; 504; 506; 507; 508; 509; 510;
511; 512; 513; 514; 515; 516; 517; 518; 519;
520; 521; 522; 523; 524; 525; 526; 527; 528;
529; 530; 531; 532; 533; 534; 535; 536; 537;
538; 539; 540; 541; 542; 545; 546; 547; 548;
549; 550; 551; 552; 553; 554; 555; 556; 557;
558; 559; 560; 561; 562; 563; 564; 565; 566;
567; 568; 569; 570; 571; 572; 573; 574; 575;
576; 578; 579; 580; 581; 582; 583; 584; 585;
587; 588; 589; 590; 591; 592; 593; 594; 595;
596; 597; 598; 599; 600; 601;
Figure 4: τmin, τmax for [0, tobs] versus Np (left) and rτ versus Np (right). Measurement No. 2,







































































analysis_2007-11-01_3.nb v00.10; 2008-02-08 12:08:42; $f44924
2001-08-07int.dat
2001-08-07mrbunlpeakl1bunl1stTurn_1.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250;


































































analysis_2007-11-01_3.nb v00.10; 2008-02-08 12:09:35; $f44925
2001-08-07int.dat
2001-08-07mrbunlpeakl1bunl1stTurn_2.dat
301; 302; 303; 304; 305; 306; 307; 308; 309;
310; 311; 312; 313; 314; 315; 318; 319; 320;
321; 322; 323; 324; 325; 326; 327; 328; 329;
330; 331; 332; 333; 334; 335; 336; 337; 338;
339; 340; 341; 342; 343; 344; 345; 346; 347;
348; 349; 350;
mean: 1.56; std: 0.0944; min: 1.36; max: 1.8;



















































































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 12:12:55; $f44932
2001-08-07int.dat
2001-08-07mrbunlpeakl1analysis_2007-12-10_5_sel1.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;













































































































analysis_2007-12-10_6.nb v00.04; 2008-02-08 12:12:19; $f44931
2001-08-07int.dat
2001-08-07mrbunlpeakl1analysis_2007-12-10_5_sel2.dat
301; 302; 303; 304; 305; 306; 307; 308; 309;
310; 311; 312; 313; 314; 315; 318; 319; 320;
321; 322; 323; 324; 325; 326; 327; 328; 329;
330; 331; 332; 333; 334; 335; 336; 337; 338;
339; 340; 341; 342; 343; 344; 345; 346; 347;
348; 349; 350;
Figure 6: τmin, τmax for [0, tobs] versus Np for Measurement No. 3 (left), and for No. 4 (right),




























































analysis_2007-12-10_6.nb v00.04; 2008-02-08 09:17:25; $f44877
2001-08-07int.dat
2001-08-07mrbunlpeakl1analysis_2007-12-10_5_sel1.dat
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;

























































analysis_2007-12-10_6.nb v00.04; 2008-02-08 09:17:52; $f44879
2001-08-07int.dat
2001-08-07mrbunlpeakl1analysis_2007-12-10_5_sel2.dat
301; 302; 303; 304; 305; 306; 307; 308; 309;
310; 311; 312; 313; 314; 315; 318; 319; 320;
321; 322; 323; 324; 325; 326; 327; 328; 329;
330; 331; 332; 333; 334; 335; 336; 337; 338;
339; 340; 341; 342; 343; 344; 345; 346; 347;
348; 349; 350;




































































analysis_2007-11-01_4.nb v00.06; 2008-02-08 09:28:45; $f44891
2001-08-07int.dat
2001-08-07fosc_1.dat
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250;
model: a0 + a1*x
a0: 308.278 ± 0.452757 Hz





















































analysis_2007-11-01_4.nb v00.06; 2008-02-08 09:27:52; $f44888
2001-08-07int.dat
2001-08-07fosc_2.dat
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
301; 302; 303; 304; 305; 306; 307; 308; 310;
311; 312; 313; 314; 315; 318; 319; 320; 322;
323; 324; 325; 326; 327; 328; 329; 330; 331;
333; 334; 335; 337; 338; 339; 340; 341; 344;
345; 346; 349; 350;
model: a0 + a1*x
a0: 307.87 ± 0.454883 Hz
a1: -1.3081 ± 0.0826367 Hz
Figure 8: Quadrupole oscillation frequency at injection Np for Measurement No. 3 (left), No. 4



























































































analysis_2007-11-01_3.nb v00.06; 2007-12-07 16:36:18; $f42689
2003-09-04int.dat
2003-09-04mrbunlpeakl1bunl1stTurn.dat
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;






















































































































































analysis_2007-12-10_6.nb v00.02; 2008-01-14 16:51:27; $f44452
2003-09-04int.dat
2003-09-04mrbunlpeakl1analysis_2007-12-10_5.dat
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;


























































































analysis_2007-12-10_6.nb v00.02; 2008-01-14 16:51:39; $f44453
2003-09-04int.dat
2003-09-04mrbunlpeakl1analysis_2007-12-10_5.dat
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;
Figure 10: τmin, τmax for [0, tobs] versus Np (left) and rτ versus Np (right). Measurement No. 5,












































































































analysis_2007-11-01_4.nb v00.03; 2007-12-18 18:18:27; $f44277
2003-09-04int.dat
2003-09-04mrbunlpeakl1fosc_1.exp
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;
model: a0 + a1*x
a0: 328.162 ± 0.528538 Hz

















































analysis_2007-11-01_4.nb v00.03; 2007-12-18 18:22:17; $f44278
2003-09-04int.dat
2003-09-04mrbunlpeakl1fosc_1.exp
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;
model: a0 + a1*x
a0: 335.5 ± 1.03671 Hz























































































analysis_2007-11-01_4.nb v00.03; 2007-12-18 18:22:48; $f44279
2003-09-04int.dat
2003-09-04mrbunlpeakl1fosc_1.exp
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;
model: a0 + a1*x
a0: 323.026 ± 0.46237 Hz












































































analysis_2007-11-01_4.nb v00.04; 2007-12-19 15:11:48; $f44284
2003-09-04int.dat
2003-09-04mrbunlpeakl1fosc_1.exp
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
102; 103; 104; 105; 106; 107; 108; 109; 110;
111; 112; 113; 114; 115; 116; 117; 118; 119;
120; 121; 122; 123; 124; 125; 126; 127; 128;
129; 130; 131; 132; 133; 134; 135; 136; 137;
138; 139; 140; 141; 142; 143; 144; 145; 146;
147; 148; 149; 150; 151; 152; 153; 154; 155;
156; 157; 158; 159; 160; 161; 162; 163; 164;
165; 166; 167; 168; 169; 170; 171; 172; 173;
174; 175; 176; 177; 178; 179; 180; 181; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203;
model: a0 + a1*x
a0: 324.288 ± 0.568499 Hz
a1: -2.47982 ± 0.101026 Hz
Figure 11: Quadrupole oscillation frequency at injection versus Np for four intensity ranges: all
intensities (top, left), Np < 2× 1010 (top, right), 2× 1010 < Np (bottom, left) and 2× 1010 ≤ Np ≤
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2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1bunl1stTurn_1.dat








































analysis_2007-11-01_3.nb v00.07; 2007-12-07 19:40:51; $f42764
2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1bunl1stTurn_2.dat
110; 111; 112; 113; 114; 115; 116; 117; 118;
119; 120; 121; 122; 123; 124; 125; 126; 127;
128; 129; 131; 132; 134;
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2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1analysis_2007-12-10_5_sel1.dat




























































analysis_2007-12-10_6.nb v00.02; 2008-01-14 17:16:36; $f44459
2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1analysis_2007-12-10_5_sel2.dat
110; 111; 112; 113; 114; 115; 116; 117; 118;
119; 120; 121; 122; 123; 124; 125; 126; 127;
128; 129; 131; 132; 134;
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2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1analysis_2007-12-10_5_sel1.dat


































analysis_2007-12-10_6.nb v00.02; 2008-01-14 17:16:46; $f44460
2006-10-27int_mr.dat
2006-10-27ascbunlpeakl1analysis_2007-12-10_5_sel2.dat
110; 111; 112; 113; 114; 115; 116; 117; 118;
119; 120; 121; 122; 123; 124; 125; 126; 127;
128; 129; 131; 132; 134;
Figure 14: rτ versus Np. Measurement No. 6 (left) and No. 7 (right). 2006-10-27.
17


















analysis_2006-10-27_2.nb v00.01; 2006-11-03 18:32:05; $f33045
2006-10-27int_mr.dat
2006-10-27bunlpeakl1fosc_all_2.dat:
101; 102; 103; 104; 105; 106; 107; 108; 109;
110; 111; 112; 113; 114; 115; 116; 117; 118;
119; 120; 121; 122; 123; 124; 125; 126; 127;
128; 129; 131; 132; 134;
model: a0 + a1*x
a0: 310.298 ± 1.57097 Hz
a1: -3.01833 ± 0.188074 Hz


















analysis_2006-10-27_2.nb v00.01; 2006-11-06 19:53:17; $f33155
2006-10-27int_mr.dat
2006-10-27bunlpeakl1fosc_all_2.dat:
114; 117; 118; 120; 121; 122; 123; 126; 131;
model: a0 + a1*x
a0: 307.013 ± 4.85578 Hz































analysis_2007-11-01_4.nb v00.05; 2007-12-19 16:45:33; $f44292
2006-10-27int_mr.dat
2006-10-27bunlpeakl1fosc_all_4.dat
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
101; 102; 103; 104; 105; 106; 107; 108; 109;
model: a0 + a1*x
a0: 311.398 ± 4.2169 Hz
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2006-10-27int_mr.dat
2006-10-27bunlpeakl1fosc_all_3.dat
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
110; 111; 112; 113; 114; 115; 116; 117; 118;
119; 120; 121; 122; 123; 124; 125; 126; 127;
128; 129; 131; 132; 134;
model: a0 + a1*x
a0: 312.935 ± 2.54542 Hz
a1: -3.63017 ± 0.376986 Hz
Figure 15: Quadrupole oscillation frequency at injection versus Np for the four cases discussed in












































analysis_2007-11-01_3.nb v00.10; 2008-02-08 12:25:35; $f44935
2006-11-17int_s6.dat
2006-11-17asc1bunlpeakl1bunl1stTurn.dat
105; 106; 107; 110; 113; 114; 117; 118; 119;
120; 121; 125; 126; 127; 128; 129; 130; 131;
132; 133; 134; 135; 136; 137; 140; 141; 142;
143; 144; 145; 146; 147; 148; 149; 150; 151;
152; 153; 154; 155; 157; 158; 159; 172; 173;
174; 177; 178; 179; 180; 181;
mean: 2.11; std: 0.0633; min: 2.; max: 2.3;


























































analysis_2007-12-10_6.nb v00.04; 2008-02-08 12:27:28; $f44937
2006-11-17int_s6.dat
2006-11-17asc1bunlpeakl1analysis_2007-12-10_5.dat
105; 106; 107; 110; 113; 114; 117; 118; 119;
120; 121; 125; 126; 127; 128; 129; 130; 131;
132; 133; 134; 135; 136; 137; 140; 141; 142;
143; 144; 145; 146; 147; 148; 149; 150; 151;
152; 153; 154; 155; 157; 158; 159; 172; 173;












































analysis_2007-12-10_6.nb v00.04; 2008-02-08 12:28:010; $f44938
2006-11-17int_s6.dat
2006-11-17asc1bunlpeakl1analysis_2007-12-10_5.dat
105; 106; 107; 110; 113; 114; 117; 118; 119;
120; 121; 125; 126; 127; 128; 129; 130; 131;
132; 133; 134; 135; 136; 137; 140; 141; 142;
143; 144; 145; 146; 147; 148; 149; 150; 151;
152; 153; 154; 155; 157; 158; 159; 172; 173;
174; 177; 178; 179; 180; 181;
Figure 17: τmin, τmax for [0, tobs] versus Np (left) and rτ versus Np (right). Measurement No. 8,
tobs = 74.5 ms, 2006-11-17.
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analysis_2006-11-17_2.nb v00.01; 2006-11-23 21:49:17; $f33756
2006-11-17int_s2.dat
2006-11-17bunlpeakl1fosc_sel_28ms.dat:
108; 114; 115; 117; 119; 120; 121; 122; 132;
133; 140; 141; 144; 145; 151; 153; 154; 157;
162; 165; 166; 168; 172; 174; 177; 178; 179;
model: a0 + a1*x
a0: 309.325 ± 2.45529 Hz
a1: -2.51278 ± 0.464104 Hz
Figure 18: Quadrupole oscillation frequency at injection versus Np. For the fit results see Table 4
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2007-07-20bct_s4.dat
2007-07-20mrbunlpeakl2bunl1stTurn.dat
105; 106; 107; 109; 110; 111; 112; 113; 114;
115; 116; 117; 118; 119; 120; 121; 122; 123;
124; 125; 126; 127; 128; 129; 130; 131; 132;
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2007-07-20bct_s4.dat
2007-07-20mrbunlpeakl2analysis_2007-12-10_5.dat
105; 106; 107; 109; 110; 111; 112; 113; 114;
115; 116; 117; 118; 119; 120; 121; 122; 123;
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2007-07-20bct_s4.dat
2007-07-20mrbunlpeakl2analysis_2007-12-10_5.dat
105; 106; 107; 109; 110; 111; 112; 113; 114;
115; 116; 117; 118; 119; 120; 121; 122; 123;
124; 125; 126; 127; 128; 129; 130; 131; 132;
Figure 20: τmin, τmax for [0, tobs] versus Np (left) and rτ versus Np (right). Measurement No. 9,
tobs = 114.9 ms, 2007-07-20.

















analysis_2007-07-20_3.nb v00.01; 2007-07-23 19:16:14; $f39700
2007-07-20bct_s3.dat
2007-07-20mrbunlpeaklfosc_3.exp:
105.; 110.; 113.; 114.; 115.; 118.; 119.; 121.; 122.;
123.; 124.; 125.; 126.; 127.; 128.; 129.; 130.;
model: a0 + a1*x
a0: 309.952 ± 0.4521 Hz
a1: -4.22217 ± 0.101489 Hz
































































































































analysis_2007-11-01_3.nb v00.09; 2007-12-08 18:23:38; $f43434
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl2bunl1stTurn.dat
142; 143; 144; 149; 150; 151; 152; 153; 154;
155; 156; 157; 158; 159; 160; 161; 162; 163;
164; 165; 166; 167; 168; 169; 170; 171; 172;
173; 174; 175; 176; 177; 178; 179; 180; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 221; 222; 223; 224; 225; 226;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250; 251; 252; 253; 254;
255; 256; 257; 258; 259; 260; 261; 262; 263;
264; 265; 266; 267; 268; 269; 270; 271; 272;
273; 274; 275; 276; 277; 278; 279; 280; 281;
282; 283; 284; 285; 286; 288; 289; 290; 291;
292; 293; 294; 295; 296; 297; 298; 299; 300;
301; 303; 304; 305; 306; 307; 308; 309; 310;
Figure 22: τi versus Np. Measurement No. 10 (blue circle), No. 11 (red square), No. 12 (yellow





































































analysis_2007-12-10_6.nb v00.03; 2008-01-16 09:28:27; $f44567
2007-11-01intBCT_0.dat
2007-11-01mr1bunlpeakl2analysis_2007-12-10_5.dat
175; 176; 177; 178; 179; 180; 182; 183; 184;
185; 186; 187; 188; 189; 205; 206; 207; 208;
209; 210; 249; 250; 251; 252; 253; 254; 255;
256; 257; 258; 259; 260; 261; 284; 285; 286;
























































analysis_2007-12-10_6.nb v00.03; 2008-01-16 09:28:27; $f44568
2007-11-01intBCT_0.dat
2007-11-01mr1bunlpeakl2analysis_2007-12-10_5.dat
170; 171; 172; 173; 174; 190; 191; 192; 193;
211; 212; 213; 214; 215; 244; 245; 246; 247;
248; 262; 263; 264; 265; 266; 267; 292; 293;



























































































analysis_2007-12-10_6.nb v00.03; 2008-01-16 09:28:28; $f44569
2007-11-01intBCT_0.dat
2007-11-01mr1bunlpeakl2analysis_2007-12-10_5.dat
152; 153; 154; 155; 156; 157; 158; 159; 160;
161; 162; 163; 164; 194; 195; 196; 197; 198;
199; 221; 222; 223; 224; 225; 226; 228; 229;
230; 231; 232; 233; 234; 235; 236; 237; 238;
274; 275; 276; 277; 278; 279; 280; 281; 282;









































































analysis_2007-12-10_6.nb v00.03; 2008-01-16 09:28:28; $f44570
2007-11-01intBCT_0.dat
2007-11-01mr1bunlpeakl2analysis_2007-12-10_5.dat
142; 143; 144; 149; 150; 151; 165; 166; 167;
168; 169; 200; 201; 202; 203; 204; 216; 217;
218; 219; 220; 221; 239; 240; 241; 242; 243;
268; 269; 270; 271; 272; 273; 298; 299; 300;
301; 303; 304;
Figure 23: τmin, τmax for [0, tobs] versus Np. Meas. No. 10 (top left), Meas. No. 11 (top right), Meas.









































































































































analysis_2007-12-10_6.nb v00.02; 2008-01-14 18:29:50; $f44494
2007-11-01intBCT_0.dat
2007-11-01mr1bunlpeakl2analysis_2007-12-10_5.dat
142; 143; 144; 149; 150; 151; 152; 153; 154;
155; 156; 157; 158; 159; 160; 161; 162; 163;
164; 165; 166; 167; 168; 169; 170; 171; 172;
173; 174; 175; 176; 177; 178; 179; 180; 182;
183; 184; 185; 186; 187; 188; 189; 190; 191;
192; 193; 194; 195; 196; 197; 198; 199; 200;
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 221; 222; 223; 224; 225; 226;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250; 251; 252; 253; 254;
255; 256; 257; 258; 259; 260; 261; 262; 263;
264; 265; 266; 267; 268; 269; 270; 271; 272;
273; 274; 275; 276; 277; 278; 279; 280; 281;
282; 283; 284; 285; 286; 288; 289; 290; 291;
292; 293; 294; 295; 296; 297; 298; 299; 300;
301; 303; 304; 305; 306; 307; 308; 309; 310;
Figure 24: rτ versus Np. Measurement No. 10 (blue circle), No. 11 (red square), No. 12 (yellow




























































analysis_2007-11-01_4.nb v00.01; 2007-12-10 11:19:07; $f43715
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl1fosc_2.exp
upper f_Limit @HzD: 400.
category: 1
175; 176; 177; 178; 179; 180; 182; 183; 184;
185; 186; 187; 188; 189; 205; 206; 208; 209;
210; 249; 250; 251; 252; 253; 254; 255; 256;
257; 258; 259; 260; 261; 284; 285; 286; 288;
289; 290; 291;
model: a0 + a1*x
a0: 297.997 ± 2.2478 Hz

















































analysis_2007-11-01_4.nb v00.01; 2007-12-10 11:20:17; $f43720
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl1fosc_2.exp
upper f_Limit @HzD: 400.
category: 2
170; 171; 172; 173; 174; 190; 191; 192; 193;
211; 212; 213; 214; 215; 244; 245; 246; 247;
248; 262; 263; 264; 265; 266; 267; 292; 293;
294; 295; 296; 297;
model: a0 + a1*x
a0: 302.259 ± 0.664784 Hz





























































analysis_2007-11-01_4.nb v00.01; 2007-12-10 11:22:35; $f43730
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl1fosc_2.exp
upper f_Limit @HzD: 400.
category: 3
155; 156; 157; 158; 159; 194; 195; 196; 197;
198; 199; 221; 222; 223; 224; 225; 226; 228;
229; 230; 231; 232; 233; 234; 235; 236; 237;
238; 274; 275; 276; 277; 278; 279; 280; 281;
282; 283; 305; 306; 307; 308; 309; 310;
model: a0 + a1*x
a0: 314.45 ± 1.08241 Hz













































analysis_2007-11-01_4.nb v00.01; 2007-12-10 11:23:46; $f43735
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl1fosc_2.exp
upper f_Limit @HzD: 400.
category: 4
200; 201; 202; 203; 204; 216; 217; 218; 219;
220; 221; 239; 240; 241; 242; 243; 268; 269;
270; 271; 272; 273; 298; 299; 300; 301; 303;
304;
model: a0 + a1*x
a0: 314.168 ± 0.775077 Hz
a1: -4.10007 ± 0.136365 Hz
Figure 25: Quadrupole oscillation frequency at injection versus Np. For the fit results see Table 4




























































































Figure 26: 〈τi〉 and its standard deviation (left). Difference of maximum and minimum bunch τi
(right) for all measurements.






xMin: 0.9 ns; xMax: 3. ns; dx: 0.1 ns; y: relative
Figure 27: τi distribution for Measurement No. 1 (top left) to No. 13 (bottom right). Horiz. axis:








































































































































































































































































































































no. of meas.: 633
DataRange: 880.21 ,18.<, 80.0791, 1.16<<
PlotRange: 880, 19<, 80., 1.2<<
Figure 28: rτ versus Np for all measurements. Horiz. scale: 0 − 19 × 1010, vert. scale: 0 − 1.2,
















































































































































































































































































































































































































































































































































































































PlotRange: 880, 19<, 81, 2.9<<
Figure 29: τi (blue) and τf (red) as a function of Np for all measurements. Horiz. scale: 0−19×1010,





































































































































































































































PlotRange: 880, 19<, 80., 1.45<<
Figure 30: Ratio τf/τi versus Np for all measurements. Horiz. scale: 0 − 19 × 1010, vert. scale:











































































































































































analysis_2007-12-10_1.nb v00.06; 2007-12-20 20:52:48; $f44343
1999-11-15; 1999-11-25; 2001-08-07_1; 2001-08-07_2;
2003-09-04; 2006-10-27_1; 2006-10-27_2; 2006-11-17;
2007-07-20; 2007-11-01_1; 2007-11-01_2; 2007-11-01_3;
2007-11-01_4;
f42410.dat; f43426.dat; f42430.dat; f42431.dat;
f42689.dat; f42765.dat; f42764.dat; f42935.dat;
f43000.dat; f43434_1.dat; f43434_2.dat; f43434_3.d t;
f43434_4.dat;
f42411.dat; f43427.dat; f42432.dat; f42433.dat;
f42690.dat; f42770.dat; f42771.dat; f42936.dat;
f43001.dat; f43435_1.dat; f43435_2.dat; f43435_3.dat;
f43435_4.dat;
initial bunch length sel.: min@nsD: 1.52; max@nsD: 1.72
no data selected from meas. no.: 83, 6, 8, 9, 10, 11<
Figure 31: τf versus Np. All measurements, initial bunch length selection 1.5 ns ≤ τi ≤ 1.72 ns.
Measurement No. 1 (full blue circle), No. 2 (full red square), no data from No. 3, No. 4 (full yellow
diamond), No. 5 (full green triangle), no data from No. 6, No. 7 (full blue triangle), no data from
No. 8, No. 9, No. 10, No. 11, No. 12 (empty red circle), No. 13 (empty yellow square).
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analysis_2007-11-01_4.nb v00.03; 2007-12-17 19:38:29; $f44097
2001-08-07int.dat
2001-08-07fosc_1.dat
f_min @HzD: 220.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
201; 202; 203; 204; 205; 206; 207; 208; 209;
210; 211; 212; 213; 214; 215; 216; 217; 218;
219; 220; 221; 222; 223; 224; 225; 226; 227;
228; 229; 230; 231; 232; 233; 234; 235; 236;
237; 238; 239; 240; 241; 242; 243; 244; 245;
246; 247; 248; 249; 250;
model: a0 + a1*x
a0: 308.278 ± 0.452757 Hz




































































































quadrupoleFrequencyShift.nb v00.06; 2008-01-26 18:13:47; $f44776
2003-09-04mrbunlpeakl1allData_00.dat
f_min @HzD: 180.; f_Max @HzD: 400.; f_err_max @HzD: Infinity
model: a0 + a1*x
a0: 327.246 ± 0.495487 Hz




























quadrupoleFrequencyShift. b v01.01; 2008-0 -28 12:36:46; $f44813
2006-10-27bunlpeakl1allData_00.dat
114; 117; 120; 121; 122; 123; 131; 132;
bunch length selection: 81.7, 2.3<
model: a0 + a1*x
a0: 308.843 ± 4.49435 Hz
a1: -2.84318 ± 0.56856 Hz

















analysis_2006-11-17_2.nb v00.01; 2006-11-23 21:49:17; $f33756
2006-11-17int_s2.dat
2006-11-17bunlpeakl1fosc_sel_28ms.dat:
108; 114; 115; 117; 119; 120; 121; 122; 132;
133; 140; 141; 144; 145; 151; 153; 154; 157;
162; 165; 166; 168; 172; 174; 177; 178; 179;
model: a0 + a1*x
a0: 309.325 ± 2.45529 Hz











































quadrupoleFrequencyShift.nb v01.00; 2008-01-26 22:02:32; $f44788
2007-07-20mrbunlpeakl1allData_00.dat
bunch length selection: 81.7, 2.3<
model: a0 + a1*x
a0: 311.482 ± 0.270747 Hz




























































analysis_2007-11-01_4.nb v00.01; 2007-12-10 11:19:07; $f43715
2007-11-01intBCT_1.dat
2007-11-01mr1bunlpeakl1fosc_2.exp
upper f_Limit @HzD: 400.
category: 1
175; 176; 177; 178; 179; 180; 182; 183; 184;
185; 186; 187; 188; 189; 205; 206; 208; 209;
210; 249; 250; 251; 252; 253; 254; 255; 256;
257; 258; 259; 260; 261; 284; 285; 286; 288;
289; 290; 291;
model: a0 + a1*x
a0: 297.997 ± 2.2478 Hz













































quadrupoleFrequencyShift.nb v01.00; 2008-01-28 09:46:43; $f44804
2007-11-01mr1bunlpeakl1allData_00_c4.dat
2 0; 201; 202; 203; 204; 216; 217; 218; 219;
220; 239; 240; 241; 242; 243; 268; 269; 270;
271; 272; 273; 298; 299; 300; 301; 302; 303;
bunch length selection: 81.7, 2.3<
model: a0 + a1*x
a0: 311.769 ± 1.87415 Hz
a1: -3.63365 ± 0.389546 Hz
Figure 33: Quadrupole oscillation frequency at injection versus Np for Measurement No. 3 (top left),
No. 5, No. 7 to No. 10 and No. 13 (bottom) and for data selected according to 1.7 ns≤ τi ≤2.3 ns.
















analysis_2007-12-10_3.nb v00.01; 2008-01-28 16:58:16; $f44826
Figure 34: Quadrupole frequency shift versus time for all measurements listed in Table 5 and 0.55 ≤






















































































































































































































































































































































































































































































































































































































































































fit-Gauss.nb v05.03; 2007-11-30 13:10:11; $f41915
2007-11-01mr1mr172.asc
Version MR-TI 1.07; Date: 2007-11-01; Time: 15:12:37;
Correction: NONE ; Time between traces: 5 turns;
First trigger: 0 ms;
Time interval per data point HsecL: 50.000001E-12;
Number of frames: 1001; Filter: SINX;
Trigger holdoff time: RANDOM;250.0000E-9;
Vertical scale HVdivL: 100.0000E-3;
Vertical position HdivL: -3.4800; Input coupling: DC;
Input impedance: 50.0000; Vertical bandwidth: 2.5000E+9;
nTraces: 1001;
original data scaled by: 3.162, mrw.nb v15.04; 2007-11-30 13:08:43;
new horizontal frame length: 499;
pust.nb v09.0; AEW-PU & WC-2 PU Cable Att.; 2007-11-30 13:09:02;



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































fit-Gauss.nb v05.03; 2007-11-30 15:39:23; $f41976
2007-11-01mr1mr233.asc
Version MR-TI 1.07; Date: 2007-11-01; Time: 17:32:38;
Correction: NONE ; Time between traces: 5 turns;
First trigger: 0 ms;
Time interval per data point HsecL: 50.000001E-12;
Number of frames: 1001; Filter: SINX;
Trigger holdoff time: RANDOM;250.0000E-9;
Vertical scale HVdivL: 1.0000; Vertical position HdivL: -3.4800;
Input coupling: DC; Input impedance: 50.0000;
Vertical bandwidth: 2.5000E+9; nTraces: 1001;
original data scaled by: 3.162, mrw.nb v15.04; 2007-11-30 15:37:51;
new horizontal frame length: 499;
pust.nb v09.01; AEW-PU & WC-2 PU Cable Att.; 2007-11-30 15:38:08;











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































fit-Gauss.nb v05.03; 2007-11-30 18:23:39; $f42047
2007-11-01mr1mr304.asc
Version MR-TI 1.07; Date: 2007-11-01; Time: 19:05:02;
Correction: NONE ; Time between traces: 5 turns;
First trigger: 0 ms;
Time interval per data point HsecL: 50.000001E-12;
Number of frames: 1001; Filter: SINX;
Trigger holdoff time: RANDOM;250.0000E-9;
Vertical scale HVdivL: 1.0000; Vertical position HdivL: -3.4800;
Input coupling: DC; Input impedance: 50.0000;
Vertical bandwidth: 2.5000E+9; nTraces: 1001;
original data scaled by: 4.467, mrw.nb v15.04; 2007-11-30 18:21:50;
new horizontal frame length: 499;
pust.nb v09.01; AEW-PU & WC-2 PU Cable Att.; 2007-11-30 18:22:05;
a: 4.5ns; tau1: 40.ns; freq. limit: 2.e9 Hz;
Figure 35: Typical bunch length (4σ, obtained from a Gaussian fit of pick-up and cable transfer
function corrected data) and peak amplitude signals for increasing bunch intensity (left to right).
The data acquired at injection last from t = 0 to about t = 60 ms, the data acquired at 600 ms start
at about t = 60 ms in this plot. Data of 2007-11-01.
30
f: 305.6 +- 0.24 Hz


















fit-peakl-syn.nb v02.00; 2007-12-08 23:18:54; $f43625
* File: 2007-11-01mr1bunlpeakl1mr225_peaklm.dat




* Time between traces: 5 turns
* First trigger: 0 ms
* Time interval per data point HsecL: 50.000001E-12
* Number of frames: 1001
* Filter: SINX
* Trigger holdoff time: RANDOM;250.0000E-9
* Vertical scale HVdivL: 500.0000E-3
* Vertical position HdivL: -3.4800
* Input coupling: DC
* Input impedance: 50.0000
* Vertical bandwidth: 2.5000E+9
* nTraces: 1001
* original data scaled by: 3.162, mrw.nb v15.04; 2007-11-30 15:20:30
* new horizontal frame length: 499
* pust.nb v09.01; AEW-PU & WC-2 PU Cable Att.; 2007-11-30 15:20:50
* a: 4.5ns; tau1: 40.ns; freq. limit: 2.e9 Hz
* fit-Gauss.nb v05.03; 2007-11-30 15:21:59
* Min. Bunch Number: 1, Max. Bunch Number: 1; stdInfo: SD
* mrw-multi-peakl.nb v01.01; 2007-12-08 23:17:57
y max: 61.31; y min: 48.88; y-mod: 0.113Hy_max - y_minLy_mean: 22.6%
model: Ha3**2*SinHa2 + 6.283185307179586*a1*xLLE**Ha0*xL
a0: 18.3 +- 1.44;
a1: 306. +- 0.24;
a2: 0.832 +- 0.0193;
a3: 0.972 +- 0.00888;
f: 299.5 +- 0.78 Hz

















fit-peakl-syn.nb v02.00; 2007-12-08 21:24:58; $f43481
* File: 2007-11-01mr1bunlpeakl1mr170_peaklm.dat




* Time between traces: 5 turns
* First trigger: 0 ms
* Time interval per data point HsecL: 50.000001E-12
* Number of frames: 1001
* Filter: SINX
* Trigger holdoff time: RANDOM;250.0000E-9
* Vertical scale HVdivL: 100.0000E-3
* Vertical position HdivL: -3.4800
* Input coupling: DC
* Input impedance: 50.0000
* Vertical bandwidth: 2.5000E+9
* nTraces: 1001
* original data scaled by: 3.162, mrw.nb v15.04; 2007-11-30 13:04:52
*
* new horizontal frame length: 499
* pust.nb v09.0; AEW-PU & WC-2 PU Cable Att.; 2007-11-30 13:05:11
* a: 4.5ns; tau1: 40.ns; freq. limit: 2.e9 Hz
*
* fit-Gauss.nb v05.03; 2007-11-30 13:06:13
* Min. Bunch Number: 1, Max. Bunch Number: 1; stdInfo: SD
* Data Format: Time HturnHsLL, Mean Peak Amplitude Ha.u.L, Std. Peak Amplitude Ha.u.L
* mrw-multi-peakl.nb v01.00; 2007-12-08 21:24:43
y max: 12.57; y min: 5.842; y-mod: 0.365Hy_max - y_minLy_mean: 82.5%
model: Ha3**2*SinHa2 + 6.283185307179586*a1*xLLE**Ha0*xL
a0: 99.7 +- 4.92;
a1: 300. +- 0.784;
a2: 4.91 +- 0.0326;
a3: 0.924 +- 0.0151;
Figure 36: Typical quadrupole oscillation at injection for two cases. Data of 2007-11-01.
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